One of the functions of secondary refining in steelmaking is to remove non-metallic inclusions produced through deoxidation of the steel bath during the process. Removal of these inclusions occurs in three fundamental stages: flotation, separation and dissolution of the inclusions in supernatant slag. Given that dissolution is subject to the action of slag, this study aims to clarify the inclusion absorption capacity of industrial slags and factors that influence slag properties in absorbing inclusions, as well as the impact of each factor on the cleanliness of the steels analyzed. To that end, the results of industrial steel and slag samples collected during the different stages of secondary refining were analyzed. The amount and chemical composition of the inclusions was determined by SEM/EDS (scanning electron microscopy coupled with energy-dispersive spectroscopy). The chemical composition of slag samples was measured by XRF (X-ray fluorescence) and subsequently submitted to thermodynamic simulations using FactSage 6.4 software. Calculations were made with the SlagViscosityPredictor, which uses FactSage 6.2 software. This made it possible to establish the chemical composition and proportion of the solid phase in the slags and inclusions, as well as the effective viscosity of the slags. The efficiency of absorption inclusion by the industrial slags was found to be greater in the presence of high thermodynamic driving force between slags and inclusions, low slag effective viscosity and when inclusions were not liquid.
Introduction
Global steel production has seen continued growth. Despite the 2009 financial crisis, the steelmaking sector has returned to the high growth rates recorded in the first decade of the 21st century, with demand growing in terms of both quantity and quality. 1) As a result, the search for alternatives that ensure less impurities, greater cleanliness, improved process control and better surface quality in finished and semi-finished casting products, reoxidation control and reduced thermal losses. 2) However, the behavior of slags in the capacity to absorb inclusions is not yet well known in the industry. Research currently available focuses primarily on laboratory testing. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] As such, the applicability of this resource is not optimized in the manufacture of steel, reducing its potential cleanliness.
Basically, once incorporated into liquid steel, non-metallic inclusions must undergo three stages in order to be removed: (i) flotation; (ii) separation; (iii) dissolution. The first step involves the transportation of the inclusion to the steel/slag interface and during the second, separation, the surface tension of the steel ruptures, allowing the inclusion to stabilize at the steel/slag interface. In the final stage, dissolution, the inclusion's return to the bath is eliminated when it is fully incorporated into the slag. Should the final two steps fail to occur, the inclusion will be subject to reentrainment into the molten steel bath through entrapment, depending on the flow patterns in the ladle or tundish. [3] [4] [5] [6] Studies show that the separation phase for solid inclusions takes place very quickly. It was calculated that, when submitted to standard slags in secondary refining, solid inclusions take less than 7E-4 seconds to break the surface tension of steel after flotation. 4) This corroborates the findings of Lee et al. 7) when experimentally analyzing solid particles. However, when studying liquid inclusions Lee et al. 7) recorded a considerable time of up to 7 seconds for these inclusions to reach the steel/slag interface. This time difference is caused by the smaller contact angle between liquid particles and the molten steel. 8) By contrast, the dissolution time for liquid inclusions can be disregarded since they are miscible in the slag. 6, 7) Thus, the third step in inclusion removal is the most pronounced for solid inclusions. These inclusions have limited solubility in slags and are therefore sensitive to the physical and chemical characteristics, temperature gradients and volume of the slag in question. As such, the removal behavior of solid inclusions is subject to control by mass transfer, reaction kinetics and chemical interactions with the slag. © 2014 ISIJ Dissolution therefore becomes the controlling step for the removal of solid inclusions and analyzing the factors in play during this phase is essential to elucidate the inclusion absorption capacity of slags. [4] [5] [6] [7] [8] [9] Thus, the general objective of the present study is to validate concepts from the literature regarding the removal of inclusions by slag in industrial practice. Our specific objectives are to: determine the factors that influence the inclusion absorption capacity of slag; evaluate inclusion removal throughout the secondary refining of steel; and identify relationships between slag properties and the level of cleanliness in steel.
Methodology
This study analyzes data from an industrial plant pertaining to steels SAE 1050 (heats A1 to A5), DIN 38Mn6 (heats B1 to B6) and SAE 52100 (heats C1 to C8) and their slags for different heats. Four collections of steel and slag were carried out during secondary refining, as per Fig. 1 .
The first collection (X1, Y1) takes place when the ladle has just reached the ladle furnace, after deoxidizers and fluxes have been added. Next, production adjusts the content of alloying elements and the proportion of oxides in the slag. Once these adjustments have been made, another batch of samples is collected (X2, Y2) from the ladle furnace and the ladle then proceeds to vacuum degassing. After the degassing stage, the chamber is opened and a new set of samples is taken (X3, Y3) from the ladle. This is followed by treatment with wires of calcium silicate, aluminum and sulfur according to the specifications of each steel grade. Finally, the ladle moves to the top of the casting machine and the steel is poured into the tundish. When around half of the steel has been poured the final sample of molten steel (X4) is collected from the tundish.
Samples X2, Y2 and X3 were selected to determine inclusion removal as a function of slag. Samples X1 and Y1 are not suitable because they were taken at the beginning of the process, when both the slag and steel have a less homogeneous composition and have not yet been adjusted. Were the first samples to be considered, the chemical composition values and inclusion numbers would not be representative. On the other hand, the X4 samples were not selected because they correspond to steel already in the tundish, when in contact with another slag. Moreover, X4 already shows the effects of inclusion modification (CaO and Al2O3) so that variations in inclusion numbers are not solely the result of slag action. It is also important to underscore that the composition of Y3 is very similar to that of Y2, since there is no significant intervention in the slag between these stages. As such, this study considers that slag Y2 is the same as that which comes into contact with steel samples X2 and X3.
Each X2 steel sample is submitted to automated SEM/ EDS (scanning electron microscopy coupled with energydispersive spectroscopy) using an ASPEX -PSEM explorer microscope to determine steel cleanliness. This is achieved by classifying the particles found in terms of chemical composition and size, arriving at an average chemical composition and number of inclusions per area scanned. Next, the average chemical composition is submitted to thermodynamic analysis using the Equilib module of FactSage 6.4 software to ascertain the stable phases at 1 600°C and 1 atm. The composition entered comprises the oxides MgO, Al2O3, SiO2, CaO and MnO, using the FACT-FToxid database for simulation. This database stores thermodynamic constants for the pure stoichiometric components and the oxide solutions, as well as the parameters experimentally validated for thermodynamic calculation. All the stoichiometric oxide solids were selected and among the available solutions, the following were chosen: SLAGA (ASlag-liq, with possible immiscibility), AlSp (Al-Spinel), MeO_A (AMonoxide), aC2S (a-Ca2SiO4) and bC2S (a'Ca2SiO4).
The chemical composition of the Y2 slag samples is measured by XRF (X-ray fluorescence). However, in addition to the stable phases of slags, this study also requires viscosity data. As such, the SlagViscosityPredictor (SVP) was employed and can be viewed as a supplementary material at http://dx.doi.org/10.1016/j.fuel.2012.03.010, made available by Duchesne et al. 10) The tool enables integration with the Equilib module of FactSage 6.2 software through programming routines. This is useful because, based on the composition obtained by XRF, the SVP automatically executes FactSage 6.2 and calculates the stable phases of the slag at the desired temperature. In this case, the databases used were FACT53 and FToxid, with preference given to FToxid in the event of duplicate phases. In addition to possible gaseous phase formation, the occurrence of stoichiometric solids and the following oxides was allowed: SLAGA (ASlag-liq), MeO_A (AMonoxide), aC2S (a-Ca2SiO4), bC2s (a'Ca2SiO4), Cord (Cordierite), CAF1 (Ca(Al,Fe)2O4). 10) In addition, the SVP uses a database of densities to determine the volumetric fraction of solids present in the slag. Finally, the SVP uses the data obtained to calculate viscosity and effective viscosity via the Riboud model and Roscoe-Einstein equation. The chemical composition entered considered the components SiO2, Al2O3, FeO, CaO, MgO, K2O, MnO, TiO2 and P2O5, obtained by XRF, at a fixed temperature of 1 600°C and 1 atm.
FactSage 6.4 software and the FToxid 11) database are also used to calculate the alumina saturation of the liquid phase of each slag, making it possible to determine the thermodynamic driving force, which in this case is the difference between alumina content in the liquid and saturated slag. To that end, the liquid phase (ASlag-liq) obtained when determining viscosity was normalized with respect to the components CaO, SiO2, Al2O3 and MgO. The molar contents of these components generate a liquid solution defined in FactSage 6.4, whose generic formula is (CaO)w(SiO2)x(Al2O3)y(MgO)z, with coefficients adding up to 1 molar. Using this formula for each slag, Al2O3 was added until saturation, with increments of 0.1 mol%. Saturation is observed when the activity of any other chemical species reaches unity. Among the chemical species, in addition to SLAGA (ASlag-liq, with possible immiscibility), stoichiometric solids were once again selected from the FToxid database, as well as the following solutions: AlSp (Al-Spinel) and MeO_A (AMonoxide). Table 1 shows the average data for each steel grade, samples X2 and X3.Automated SEM/EDS was used to determine the average composition of the oxides present in the inclusions of the X2 samples. Table 2 shows the average recorded for each steel heat as input data, as well as the stable phases that were calculated in the simulations conducted using FactSage 6.4 software, as output data. Table 3 summarizes the results obtained by automated SEM/EDS for samples X2 and X3 and synthetically shows the phases predicted by thermodynamic simulation for the inclusions found in X2 samples, from Table 2 . ΔX represents the difference in the number of inclusions per area scanned for samples X2 and X3, which illustrates the efficiency of inclusion removal. This difference is negative when there is an increase in the number of inclusions at the end of the process as opposed to their removal, as seen in collection X3.
Results and Discussion
None of the samples shown in Table 3 exhibited an average inclusion composition that was 100% solid. The sample that came closest is A4, with 62% of spinel. However, this does not mean there are no 100% solid inclusions in the samples analyzed, only that this was not identified in the average composition. The ternary diagram in Fig. 2 shows an example of the chemical composition distribution for inclusions in sample X2 from heat A2.
The inclusions depicted in Fig. 2 . show a significant concentration close to 100% solid composition for alumina. Nevertheless, it was decided not to display the chemical composition of inclusions in ternary diagrams in this study since inclusions have high SiO2 and MnO content (up to 20 wt% in some cases), which can alter the stability of the phases represented in a CaO-Al2O3-MgO ternary diagram. The investigation therefore prioritizes the determination of phases in the inclusions based on their average composition, assuming that these phases represent most of the inclusions present in each sample. This approach is adopted because determining whether inclusions are solid or liquid is more relevant when analyzing inclusion absorption by slag, since it directly influences separation and dissolution in slag. 4, [6] [7] [8] In this context, although it was found that no average composition showed 100% solid particles in Table 3 , another fact is clear: the density of inclusions in the steel heats with 100% liquid phases is greater for samples X2 and X3 than for those that are partially solid. Table 4 shows the average density of inclusions according to the sample and phases predicted, which were separated into two groups: completely liquid and partially solid. Heats C4, C5 and C8 were disregarded when calculating the mean because ΔX was negative, that is, there was an increase in inclusion density from sample X2 to X3. This is justified by the fact that the conditions for inclusion removal from these heats are outside the scope of this investigation; inclusions may have been incorporated by external agents such as the wear in refractories, slag emulsification or excessive reoxidation. Since it is impossible to confirm interference by external agents for the remaining heats, the authors assumed there was no such interference for the heats that exhibited positive ΔX. The group of samples is therefore restricted to those that showed no external interventions in initial analysis. Although the removal rates were recorded at close inter- 
vals, between 10 and 85% for liquid inclusions and between 35 and 90% for partially solid inclusions, Table 4 shows there is already a lower absolute amount for partially solid inclusions in sample X2. Thus, it is less likely that the remaining inclusions in this group are in contact with the slag. As such, the average 10% difference in the interval is significant because it shows a greater removal rate for partially solid inclusions despite this unfavorable factor. Thus, it can be said that liquid inclusions are more difficult to remove than partially solid ones. This corroborates the findings of Valdez et al. 4) and Lee et al. 7) These authors carried out theoretical and practical studies and found that liquid inclusions need more time to achieve separation (when the inclusion reaches the steel/slag interface) than solid ones, due to greater wettability with steel. With more time needed to achieve separation, liquid inclusions are subject to greater flow effects in the steel and thus remain in the liquid bath. The results suggest that partially solid inclusions display similar behavior to completely solid inclusions. Although it was not possible to compare these two situations, it was found that the difference between solid and liquid inclusions is reflected in liquid and partially solid particles. As such, the present study evaluates the removal of partially solid inclusions using approaches typically adopted for 100% solid particles.
Analysis of the solid phases predicted by the simulation in Table 3 12) and Monaghan et al., 13) different oxides have different dissolution mechanisms in slag. However, in the case of spinel (MgAl2O4), Valdez et al. 4) and Monaghan et al. 13) report that the diffusion-controlling species is alumina because, among other reasons, magnesium cations (Mg 2+ ) are much smaller than oxyanions (AlO3
3-
). Comparing the dissolution rates between MgAl2O4 and Al2O3 is therefore viable. 4, 12) However, there is no guarantee that the solid (CaO)1(MgO)2(Al2O3)8 also contains alumina as a diffusion-controlling species and, as such, heat A5 is disregarded. Furthermore, no studies were found on galaxite (MnAl2O4) and its dissolution mechanism in slags. However, since it is present in lower quantities and has an oxyanion (AlO3 3-), the samples containing it will not be invalidated. On the other hand, there is no evidence in the available literature regarding slag's ability to absorb partially solid inclusions. Even so, Fig. 3 . allows us to determine whether the amount of solid phase in the inclusions directly influences their efficient removal.
Given the amount of solid phase depicted, Fig. 3 does not indicate standard behavior for inclusion removal. This would require a broader approach since, among the factors that are not available; assessing the morphology of inclusions is an important element. A particle with a solid nucleus surrounded by fluid may be subject to the same resistance experienced by a completely liquid particle in proceeding to the separation phase, given that the surface would have the same contact angle. The liquid portion would then be rapidly diluted by the slag while the solid nucleus would be subject to the mechanisms of dissolution by diffusion or reaction kinetics. These particles might take far longer to be absorbed by the slag. However, a liquid inclusion with aggregated solid particles may favor separation and possibly dissolution, thereby reducing the total time needed for absorption. In light of these morphological possibilities and many others that are not mentioned here, it is not possible to determine the direct influence of the amount of solid phase on the absorption efficiency of inclusions by slag, as shown in Fig. 3 .
Total dissolution time is known to be a function of the Fig. 3 . Dependence of inclusion removal efficiency on the average solid fraction of samples X2. © 2014 ISIJ radius of the particle, thermodynamic driving force and the mobility of the diffusing species. 4, [12] [13] [14] These variables emerge as a solution to the Shrinking Core Model 14) in control by mass transfer, as per Eq. (1) 1) where τ is the total time for dissolution, R0 is the initial radius, ρparticle is particle density, D denotes diffusivity, Csat is the concentration of slag saturation and Cbulk is slag saturation.
Another solution for describing the variables that govern dissolution considers the dissolution rate, in accordance with the expression proposed by Choi et al. 9) as follows:
. (2) where Rd is the dissolution rate, k is the mass transfer coefficient, ρslag is the mass density of the bulk slag, is density of Al2O3, and (mass%Al2O3)s and (mass%Al2O3)b are the mass% of Al2O3 at the interface and in the bulk, respectively.
In the case of the samples available, it was established that diameters greater than 15 micrometers are too small. The radius is therefore an unnecessary variable for this analysis when inclusions are homogeneous in terms of size, with the largest smaller than 15 micrometers. In regard to the thermodynamic driving force (ΔC), the concentration of slag saturation in alumina (Csat) and the liquid slag content for this oxide (Cbulk) must be considered, where the difference produces a variable of interest ( ). Alumina is pertinent because it is the diffusion-controlling species for all the partially solid samples found.
In order to determine the thermodynamic driving force of the slags, this study carried out chemical composition analyses by XRF, with results shown in Table 5 .
The SVP tool and FactSage 6.2 enabled the determination of stable phases at 1 600°C using the oxides from Table 5 as input data. Based on the liquid phase, SLAGA (ASlagliq), obtained in the calculations, a simulation was conducted to determine the thermodynamic driving force ( ). Table 6 displays the input slag composition and the result of the thermodynamic calculation made by FactSage 6.4 to establish the alumina saturation of each slag and the corresponding driving force.
The graph in Fig. 4 was plotted based on the data obtained in Table 6 , where inclusion removal efficiency (ΔX) is a function of the driving force for the dissolution reaction ( ). It can be observed that there is no clear trend for the points in Fig. 4 to indicate a direct relationship between and ΔX. Choi et al. 9) attempted to plot the dissolution rate as a function of driving force without success. This lack of correlation is the result of kinetics, which delimits the mobility of the diffusing species. Equations (1) and (2) demonstrate this influence in terms of diffusivity (D) and the mass transfer coefficient (k), respectively. However, authors have employed different approaches to describe what governs these elements. Valdez et al. 4) uses StokesEinstein equation to prove that, through constant temperature and particle radius, D is only a function of slag viscosity (η). By contrast, Choi et al. 9) uses data from the literature to prove that k is proportional to η -3.06 when temperature is constant and in the specific case of slags from the CaOAl2O3-SiO2 ternary system. As such, the present study will evaluate both situations in order to determine which best describes the case of the samples studied here. Although η -3.06 is used for slags in the CaO-Al2O3-SiO2 ternary system, it is only for the purpose of approximation and does not prevent its application for the basically quaternary slags (CaO-Al2O3-SiO2-MgO) studied here. Nevertheless, it was not possible to experimentally determine the viscosity values for the slags and, as such, the SVP was considered adequate to calculate viscosity. The SlagViscosityPredictor was chosen for its ability to calculate both viscosity and effective viscosity (ηe) via the Roscoe-Einstein equation, 10) with good approximation. This is achieved using thermodynamic simulation with FactSage 6.2, which provides the fraction of liquids and solids in the slag. This data is important because the slags in question show saturation in solids and have therefore not merged completely, unlike those reported in the available literature. [3] [4] [5] 7, 9, 12, 13, 15, 17) Table 7 show the results obtained by the SVP with FactSage 6.2. The same results are presented in graph form in Fig. 5 . Figure 5 demonstrates the strong influence of the solid particles distributed in the slag on its viscosity.
17) The samples and volumetric fraction percentage of solids for each slag are identified next to the points in the graph. It can be noted that the larger the solid content the greater the difference between viscosity and effective viscosity. This justifies the importance of taking effective viscosity into account for the samples studied. Figures 6 and 7 show the results obtained when the effects of kinetics and thermodynamics are combined through ΔC/ηe and ΔC/ηe 3.06 , as in studies by Valdez et al. 4) and Choi et al., 9) respectively. The linear tendency described by the references for total dissolution time (Valdez et al. 4) ) and dissolution rate (Choi et al. 9) ) is also observed for inclusion removal efficiency, at least in part, in Figs. 6 and 7. Despite the gain of 0.05 in the coefficient of determination (R²) for the relationship used by Choi et al., 9) both relations produce very similar behavior. ΔC/ηe and ΔC/ηe 3.06 tend to be directly proportional to the removal efficiency of solid inclusions that exhibit higher amounts of Al2O3 or MgAl2O4. Heats A3, C1 and C7 are slightly outside the linear prediction and C1, C2 and A3 have almost the same value for ΔC/ηe and ΔC/ηe 3.06 . Nevertheless, the removal efficiency values for these heats vary greatly. This is likely because the morphology of these par- tially solid inclusions is not always in accordance with the Shrinking Core Model, meaning the predictions lack accuracy in some cases. Nevertheless, the linear correlations with R² close to 0.3 are deemed positive, considering that the data were collected from samples undergoing normal production in the furnace. In this case, there was no additional adjustment or control during steel production. Moreover, an analysis of the data available on the steel heats shows no clear evidence to explain their distance from the predicted linearity. This could be partially explained by factors in the process that are difficult to adjust, including: temperature homogeneity; treatment time in the ladle furnace; treatment time in the vacuum degasser; flotation by inert gas (both in time and intensity); and agitation during degassing. These variables also influence the efficiency of inclusion absorption by slag. Among the elements that may have the greatest impact are: semi-quantitative EDS measurement of inclusion composition; approximation by average inclusion composition; and the lack of experimental validation to confirm the viscosity values predicted by the Riboud and Roscoe-Einstein models. Nevertheless, Figs. 6 and 7 confirm that the slags from heats A2, C6 and C2 favor inclusion removal, since they exhibit efficiency greater than or equal to 80%. Figures 4  and 5 show that, regardless of their solid content, these heats are at the lower end of effective viscosity, close to 0.032 [Pa.s]. In addition, the liquid phase of these slags displays varying driving force, between 36.5 [wt%] and 42. 3 [wt%] , which is directly proportional to inclusion removal efficiency. Thus, it can be stated that slags of the steel in question should seek the lowest possible effective viscosity and greatest driving force in order to increase potential cleanliness, as reported in the literature.
Conclusions
In regard to inclusion absorption by slag and considering steel grades SAE 1050, DIN 38Mn6 and SAE 52100 assessed in this study, it can be concluded that:
(1) Liquid inclusions exhibit the lowest efficiency for absorption by slag.
(2) Partially solid inclusions can display similar behavior to completely solid inclusions.
(3) The solid content in partially solid inclusions does not define the level of cleanliness achieved by the steel.
(4) Both ΔC/ηe and ΔC/ηe 3.06 are linearly proportional to the efficiency of inclusion absorption by slag.
(5) In order to achieve efficient inclusion absorption by slag one should aim for high thermodynamic driving force (ΔC), as well as low effective viscosity.
(6) The application of concepts developed on an experimental scale for inclusion absorption by slag also affects industrial practice and may assist in the pursuit of higher degrees of cleanliness in steel.
